ABSTRACT: Significant developments have been proposed over the last decade in the synthesis of aluminosilicate and aluminogermanate imogolite-like nanotubes. But, while liquid phase synthesis is well controlled, it is not the case for an imogolite or imogolite-like nanotube arrangement in dry state. In particular, nanotubes are found to self-assemble in bundles of various sizes, which may impact the properties of the final product. Here, we investigate the effect of ionic strength on bundling of aluminogermanate single-walled imogolite nanotubes (Ge-SWINT) in aqueous suspensions and in the resulting powders after solvent evaporation. The nanotube arrangement as a function of salt concentration was studied by X-ray scattering experiments and simulations. In aqueous suspension, nanotubes bundling occurs only at high ionic strength (IS > 8 × 10 -2 mol.L -1 ) while beyond this threshold, the increase of electrostatic repulsions induces a complete stabilization of individual nanotubes. After solvent evaporation, nanotube arrangement is shown to be dictated principally by the initial concentration of salt.
Beyond an ionic strength of ~ 10 -3 mol.L -1 in the starting suspension, all Ge-SWINT samples tend to form large bundles in powder, whose lattice parameter are independent of the initial salt concentrations. These experimental results clearly show that the positive surface charge of imogolite can be used to control nanotubes bundling by anion condensation.
INTRODUCTION
Studies related to nanotubes represent actually an entire part of nanosciences and nanotechnology research. This interest rises since the early 90's with carbon nanotubes (CNT) 1 and the succeeding synthesis of a wide variety of inorganic ones. 2, 3 The world-wide excitement for these iconic objects that are CNTs has certainly shed light on clay nanotubes. In particular, imogolite nanotubes (INT), first recognized in weathered volcanic soils as true hollow aluminosilicate tubes thirty years before the emergence of CNTs, 4, 5 appear as the only inorganic nanotube equivalent to single walled (SW) CNTs in terms of diameter.
INT has a nominal composition (OH) 3 Al 2 O 3 Si(OH), which is also the sequence of atoms encountered on passing from the outer to the inner surface of the nanotube, and is constructed from a curved gibbsite-like Al(OH) 3 layer on which isolated [(OH) SiO 3 ] tetrahedral units are bonded upright to octahedral vacancies ( Figure 1 ), thereby forming a single-walled (SW) structure with an external diameter of 2 nm. 5 Farmer et al. were the first to propose, in 1977, a synthetic route to achieve INT in aqueous suspension and under low-temperature conditions, using a simple hydrolysis step of a solution of aluminum and silicon precursors. 6 Since then, several synthetic routes have been explored to increase the yield of the synthetic products. [7] [8] [9] [10] Among them, a major breakthrough in the last decade arises from the substitution of silicon by germanium. 11 This leads to the synthesis of concentrated (molar) suspensions of single-or double-walled (DW) aluminogermanate nanotubes with larger external diameters, typically ~ 4 nm. 9, 12 More recently, Fe-doped INT have also been explored by isomorphic substitution of Al
3+
by Fe 3+ in order to bring magnetic properties in these nanostructures. 13, 14 Finally, both inner and outer hydroxylated surfaces offer interesting possibilities for surface functionalization. INTs can thus be rendered amphiphilic by replacing their inner silanol or germanol moiety by a functionalized one, 15 or by grafting molecular compounds on the outer aluminum wall. [15] [16] [17] [18] Whatever the nature (SW or DW) or the nanotube nominal composition (OH) 3 Bundling is analyzed thanks to X-ray scattering (XRS) experiments. Our experiments and their analysis allow us to propose the first phase diagram for the bundle assembling of metal-oxide imogolite nanotubes.
EXPERIMENTAL SECTION
Synthesis of Single-Walled Aluminogermanate Nanotubes (Ge-SWINT). Germanium (IV) ethoxide Ge(OEt) 4 , aluminum perchlorate Al(ClO 4 ) 3 and sodium hydroxide NaOH were purchased from Sigma Aldrich and were used as received. Ge-SWINT were synthesized using the perchlorate route described previously. 45 By considering a complete conversion of precursors, the chemical reaction can be written as:
It consists in the co-precipitation under vigorous stirring of an aluminum perchlorate solution (1 mol.L -1 ) with Ge(OEt) 4 , followed by slow hydrolysis thanks to the addition of a 1 mol. Figure 2 ). The mixture is stirred overnight at room temperature in a Teflon beaker and then aged into an oven at 95 °C for 5 days.
After cooling the reactor to ambient temperature, a whitish suspension is obtained, which will be referred to as SW ND (ND = not-dialyzed) hereafter. It is obvious from eq. (1) 
, we expected a change in the final conductivity of the resulting aqueous suspension. These samples will be designated SW Dx in the following (Table 1) . We have also explored the effect of dilution of SW ND ( Figure 2 ). The suspensions obtained with this method will be designated SW NDy , hereafter the subscript y value corresponding to the dilution ratio (%).
The pH and the conductivity, whenever possible, have been measured at 20°C (Table 1) . Starting from the suspensions, dry powder samples (p-SW Dx & p-SW NDy ) were obtained after drying at 60°C during 24h, the resulting sediments being milled in an agate mortar to obtain a fine powder. 
THEORETICAL METHOD
X-ray Scattering Formalism. X-ray scattering is a powerful and non-destructive technique that has been widely used to characterize imogolite nanotubes. However, some analyses remained limited to a simple comparison with published references. With a view to achieving an accurate understanding of XRS experiments, this section summarizes the principles of the simulations used in this work. X-ray scattering allows sorting out the cross-section shape and dimensions of the nanotubes, and, if these are organized in bundles, the number of nanotubes per bundle. 9, 23, 28, 45, 55, 56 The scattered intensity is proportional to the squared modulus of the scattering amplitude, the latter corresponding to the Fourier transform of the electronic density of all atoms within the sample. However, in the low Q-range studied here (Q < 1 Å -1 ), a homogeneous approximation can be considered. For instance, the nanotube can be approximated by a homogeneous hollow cylinder 23, 45 ( Figure 3a ) defined by its internal radius R i , its external radius R e and its average electronic density ߩ ூே் . We have shown recently that in first approximation, within experimental resolution, INTs can be approximated as infinite in length. 45 The scattered intensity from non-bundled nanotubes of infinite length, with random orientations, simply writes:
where P(Q) is the form factor of the nanotube defined as: In the case of nanotubes organized in bundles (Figure 3b,c) , we need to introduce an additional term called structure factor in the expression of the scattered intensity:
where S(Q) is the structure factor of the bundle defined as:
where the sum runs over all bundles formed by ܰ nanotubes, and on all nanotubes within the bundles. ܴ ሬԦ is the vector between the centers of the tube j and k in the bundle, in a plane perpendicular to the tube axis (Figure 3b ). The term ‫‬ ே ್ gives the proportion of each type of bundle in the sample and J 0 is the cylindrical Bessel function of order 0. This equation is valid only for bundles in aqueous suspensions. For powder samples, we can no longer consider that water is homogeneously filling the space outside the nanotubes. Instead, we consider that a thin water cylinder surrounds each nanotube. In such a case, the expression of the scattered intensity becomes more complex than the simple one detailed in eq. (5) and (6) . Equations are derived in Supporting Information, to avoid unbalancing the article with X-ray formalism.
Calculated XRS Diagrams. XRS diagrams corresponding to different degrees of bundling, calculated from eqs. (4) and (5), after convolution of the intensity to the resolution, are shown in Figure 4 . The Ge-SWINT are characterized by the radii R i = 13.8Å, R e = 20.3Å and the electronic density ߩ ூே் = 0.74e -.Å -3 , as determined previously. 45 The grounds necessary for understanding XRS diagrams are discussed below. 
where a is the lattice parameter of the 2D lattice formed by the nanotubes; for α=60°, the 2D lattice is hexagonal while it is monoclinic for α≠60° (Figure 3c ). The decrease of the number of nanotubes per bundle induces a widening of these hk peaks, as expected since correlation lengths decrease. Moreover, their positions shift towards the position of the closest maximum of the squared form factor, as expected from eq. (5). In this way, Q 10 and Q 20 increase while Q 11 and Q 21 decrease for decreasing number of INTs per bundle. 57 It follows that the lattice parameter cannot be simply derived from the position of the 10 peak in the case of small bundles. Such a derivation would lead to an underestimation of a of the order of 10% (Figure 4) . 57 This point, well-recognized in previous works on carbon nanotubes, 55 appears still disregarded in the case of imogolite nanotubes. 11, 15, 26 It may also be noted that conclusions concerning the packing angle α are not unambiguous when based on XRS from small bundles. 44 It is illustrated in Figure 5 , Table 2 . The characteristic vibrational band of perchlorate anions 15, 23, 49 , located at 1100 cm -1 , is also clearly visible. indicates that Ge-SWINT, like natural and synthetic Si-SWINT nanotubes, 59 ,60 present a strong affinity towards ion adsorption. However, the electrostatic potential of Ge-SWINT had never been experimentally investigated up to now. We therefore assess the surface charge properties of Ge-SWINT by measuring the electrophoretic mobility of SW D7 . Figure 6c reports the evolution of this mobility as a function of the pH. For pH values higher than 7, the mobility decreases linearly with pH. The point of zero charge (pzc) is found at pH = 9.5 for SW D7 , close to the values around 10 obtained previously for Si-SWINT. 61, 62 From pH 3 to 6, the mobility is constant and positive, indicating a positive outer surface charge. 62 The samples obtained after dialysis or dilution of SW ND are in this pH range (Table 1) . In a simple model, the ionic strength can be related to the conductivity σ of the suspension by the relation: The estimated IS values of all samples have been reported in Table 1 . In conclusion, we demonstrated here that the external surface of Ge-SWINTs is positively charged, allowing potentially anions condensation on these external surfaces at pH < 6, and that anions concentration depends on the purification process ( Figure 2 ).
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Effect of Ionic Strength on Bundling of Ge-SWINT in Suspensions.
Depending on the nanotube aspect ratio and solvent ionic strength, different salt-modulated organization can be expected for charged 1D nanostructures. 28, 63, 64 In particular, it has been well recognized that assembly of polyelectrolytes, such as microtubules or actin filaments, can be controlled in suspension by long-range electrostatic interactions and form hexagonal bundles above a critical salt concentration. [65] [66] [67] In the case of SWINT, the role of salts has also been proposed to explain the formation of imogolite bundles, but it has never been carefully investigated previously. The synthesis of Ge-SWINT being based on liquid-phase chemistry, we first investigated the effect of ionic strength on aqueous suspensions. POM observations between crossed polarizers reveal the presence of large and birefringent domains, corresponding to aggregates of nanotubes. It is worth noting that these optical textures should not be confused with those observed recently in liquid-crystal phases of Ge-DWINT. 28 We also noticed that the proportion of birefringent structures is reduced by increasing the dilution ratio. No more aggregates are observed for IS < 8 × 10 -2 mol.L -1 and the suspension presents an isotropic texture (SW ND50 , Figure 7 ).
These observations have been confirmed by XRS measurements and simulations ( Figure   8a ). Simulated XRS diagrams in Figure 8a were obtained using eq. (5), assuming that the measured intensity is the sum of the intensity from isolated nanotubes (N b = 1), probably mainly in the suspension, and of the intensity from bundled ones (N b = 60), in the birefringent aggregates. As mentioned before, the peaks related to the 2D hexagonal lattice are resolution limited in width and one could hardly discriminate between bundles with 60 tubes and larger bundle size. Therefore, we use a value of N b = 60 in our XRS simulations. As shown in section 3, the narrow diffraction peaks in XRS diagrams give information about the nanotube packing in the aggregates. In our case, these peaks can all be indexed with a two-dimensional (2D) hexagonal lattice (Figure 8b ). (Table 3) . ). This is also true for suspensions prepared by dialyses (Figure 9a ), whose IS are below 6 × 10 -3 (Table 1) We have clearly shown that all dialyzed samples (SW Dx ) consist in non-interacting nanotubes in aqueous suspension (Domain I s ) compared to non-purified SW NPy samples (up to y < 50%) which may contain large bundles greater than ~ 60 tubes/bundle (Domain II s ). Indeed, the decrease of ionic strength by dialysis, one dialysis step withdrawing more than 95% of residual salts (Table 1) , implies a strong decrease of the Debye screening length. 68 The influence of IS is particularly visible at high concentration, where a lowering of IS allows a disaggregation of Ge-SWINT bundles, in agreement with an increase of the Debye length. In aqueous suspensions, the transition between non-interacting nanotubes (Domain I s ) and bundles (Domain II s ) occurs for a critical value of IS ~ 8 × 10 -2 mol.L -1 (κ -1 ~ 1.1 nm). The bundle formation observed in dry state is also shown to depend on the amount of residual perchlorate anions, which condense on the outer surface of Ge-SWINT. During the solvent evaporation, these anions may screen the wall polarization, leading to a decrease of the electrostatic repulsion and the bundling of nanotubes, as suggested previously for aluminosilicate nanotubes Si-SWINT. 47, 48, 50 In the case of Ge-SWINT, we have shown that a critical ionic strength of 10 -3 mol.L -1 of the starting suspension is sufficient to form large bundles in dry state and that whatever the IS value, the bundle parameter is the same in powder (a ~ 43Å, horizontal line in Figure 10b ). Here, one may hypothesized that the lattice parameter value depends on the amount of residual water around the nanotubes, that is of the drying temperature. It is also important to underline that, even at low salt concentration (Domain I p in Figure 10b ), nanotube separation as individual entities is actually quite difficult to achieve in powders and that it probably requires additional dialyses. These phase diagrams have been established for a given batch of Ge-SWINT. The general trends reported in Figure 10 should apply to all imogolite nanotubes. However, several factors could affect the wall polarization, namely the presence of defects, 69, 70 In addition, the dependency on the ionic strength of the bundling tendency should also be tuned by the valence of the salts used to counter balance the surface charge of the nanotube. For instance, small-angle X-ray scattering measurements (Q < 0.1 Å -1 ) performed on microtubules suspensions reveal that bundle size increases with increasing the valence of the counter ions. 66 More experiments to investigate the role of defects or the nature of the salts would be interesting.
On a theoretical background, the effect of electrostatic interactions is a complex many-body problem. In terms of interaction potential, slender cylinders are singular since their surface is highly curved, which makes an analytical approach difficult. This work should motivate future theoretical and simulation studies, which will allow one to get a better understanding of the competing electrostatic forces between INTs.
CONCLUSIONS
We have demonstrated in this work that the anion intercalation can control the bundling of aluminogermanate nanotubes. Electrophoretic mobility measurements performed on a suspension of Ge-SWINT allowed us to show that these nanotubes carry positive charges up to pH = 9. 
